Ultraviolet (UV) light induces the biosynthesis of chloramphenicol acetyltransferase (CAT) in the skin of mice bearing the CATTNF reporter transgene. Moreover, nuclear run-on assays indicate that UV light induces transcription of the TNF gene in RAW 264.7 macrophages. These observations suggest that the TNF gene (and/or its mRNA product) responds to signals elicited by UV light. To identify transcriptional UV response elements within the TNF promoter, and to determine whether a posttranscriptional response might also exist, a series of reporter constructs using a CAT coding sequence attached to various portions of the TNF promoter and 3' untranslated region were devised and transfected into several cultured cell lines. All cells tested were found to be UV responsive, and in NIH 3T3 cells, induction was found to depend upon two general regions of the promoter. The more distal region encompassed nucleotides (nt) -1059 through -451 with respect to the cap site, while the more proximal region spanned nt -403 through -261. A negative element, blocking the UV response, was interposed (nt -451 through -403). As with the response to LPS, the response to UV irradiation appears to involve translational activation in macrophages. However, the UV and LPS signaling pathways have little in common with one another, as indicated by three observations. First, no difference in responsiveness was observed on comparison of TNF gene induction in macrophages derived from C3H / HeN as opposed to C3H /HeJ mice. Second, cell fusion studies showed that while the LPS signaling pathway is extinguished by fusion of RAW 264.7 cells with NIH 3T3 cells, the UV signaling pathway remained intact. Finally, induction did not depend upon the NF-KB binding sites that are known to be required for LPS response in macrophages, since mutation of these sites did not impair the UV response. (J. Clin. Invest. 1994. 93:56-62.)
Introduction
Ultraviolet (UV)' light is known to stimulate the release of inflammatory cytokines from keratinocytes, and it is currently believed that these cytokines mediate certain of the immunopathologic effects of this form of radiation. For example, TNF may elicit inflammation in the dermis when released in response to UV light, and contact hypersensitivity reactions are thought to depend upon its presence ( 1) .
The nature of the "photoreceptor" that UV light stimulates, leading to the biosynthesis and release of TNF, has never been elucidated. Moreover, the signaling pathway used by UV light has yet to be defined. At the most distal extreme of the pathway (i.e., at the level ofthe gene), the effects ofUV irradiation are similarly unclear. UV-responsive elements have been identified in many genes, including, among others, the c-fos gene (2, 3) , the long terminal repeats (LTRs) of HIV (3, 4) , and the metallothionine and collagenase genes (3); however, these sequences have little in common with one another, and no such elements have been sought or identified within the TNF gene. While it is known that LPS stimulates TNF gene transcription in macrophages (at least partly by initiating translocation of NF-KB to the nucleus) (5) , and releases the translational blockade that restricts TNF biosynthesis (6) , the level at which UV light stimulates biosynthesis remains to be established.
While dermal keratinocytes are certainly the cells most likely to encounter UV irradiation, and while they maintain the TNF gene in an accessible form (7) , the representation of the TNF-inducing UV signaling pathway in other cell types has not been studied. Irrespective of the accessibility of the TNF gene in these tissues, it would be interesting to know whether UV irradiation of other cell types might bring about conditions favorable to transcription of the TNF gene, and translation of its mRNA product.
We initially examined these issues by measuring the response of a chloramphenicol acetyltransferase (CAT) reporter transgene (bearing a total of 3.2 kb of DNA sequence derived from the mouse TNF gene) to UV light in vivo. Subsequently, we made use of a series of reporter constructs in which truncated versions of the TNF promoter, or promoters displaying mutations within NF-KB sites (which are known to be essential for the response to LPS), were transfected into cultured cells, including macrophages, immortalized fibroblasts, epithelial carcinoma cells, fibrosarcoma cells, and cells of the PAM-2 12 keratinocyte line. lection of hybrid cells was carried out by growing the fused cell population in the presence of both G418 (1 mg/ml) and puromycin (5 Ag/ ml). As detailed elsewhere (8) the hybrid cells were pentaploid, suggesting the retention of chromosomes from each of the parental lines, and were immortal.
Reporter constructs. Constructs bearing the TNF promoter, with or without the TNF 3' UTR, have been used in other studies, and thoroughly described in connection with these (9, 10). Other constructs, in which successive deletion of the 5' end of the TNF promoter region have been introduced, were also described previously (5, 1 1 ). In some of the constructs, discrete mutations were introduced into the NF-KB binding sites (5) . The sites were mutated individually or collectively. A schematic illustration ofall ofthe reporter constructs is shown in Fig. 1 . Construct I of Fig. I is identical to the transgene designated CATTNF in previous publications ( 12, 13) .
Cell transfection and irradiation. Calcium phosphate precipitates of cesium chloride-purified plasmids were used to transfect each of the cell lines studied in these experiments ( 14) . In permanent transfection studies, cells were cotransfected with pcDNAneo and selected for growth in the presence of G418 at a concentration of I mg/ml. Pooled resistant colonies (a minimum of 50 per construct) were then used in irradiation studies. In TNFassaY. A variant of the L-929 bioassay, using cycloheximide to enhance cell lysis, was used to determine TNF concentration in macrophage culture medium (20) . A standard recombinant preparation of mouse TNF was assayed in parallel for quantitation.
Nuclear run-on assaY'. RAW 264.7 cells were exposed to LPS, UV light, or left unexposed as a control. 1 h after the treatment, cells were collected and resuspended in lysis buffer ( 10 mM Tris, pH 7.6, 10 mM MgCI2. and 1% NP-40). The nuclei were subsequently pelleted, and their integrity was checked using an inverted microscope with Hoffmann optics. The nuclei were then resuspended in a solution of 40% glycerol, 5 mM Tris, pH 8.3, 10 mM MgCI2, and 0.1 mM EDTA. Transcription was allowed to continue in the presence of a-[32P] UTP (800 Ci/mmol) for I h at 30'C. Nuclei were disrupted in 4 M guanidinium thiocyanate. Labeled transcripts were purified over a CsCI gradient, and S x 106 cpm/ml was allowed to hybridize (650C for 48 h) with 7.5 gg of linear DNA. DNAs consisting of the mouse TNF gene ( 1,687 bp in length cloned into Bluescript), the empty Bluescript vector, the mouse GAPDH cDNA (550 bp in length cloned into pGEM4), and the empty pGEM4 vector were immobilized on a nylon membrane. After washing twice in 2x SSC, 0.1% SDS and in 0.1X SSC, 0.1 % SDS, the membrane was exposed to Europium screens and the hybridized label was quantitated using a phosphorimager (Molecular Dynamics, Inc., Sunnyvale, CA).
Results
Transgenic mice exposed to UV light for a period of 10 min (650 J/m2 of exposed skin) were found to have accumulated CAT activity in skin 6 h after irradiation (Fig. 2) . This suggested that sequences flanking the reporter were capable of responding to UV light, and prompted us to determine which cells and sequence elements might be involved.
Initial studies were carried out using PAM-2 12 cells, which were permanently or transiently transfected with a CAT reporter (bearing a 1. 1-kb TNF promoter and the TNF 3' UTR) and exposed to UV irradiation. A marked, dose-dependent increase in CAT activity was observed after exposure to UV light ( Fig. 3 A) . A maximal response was observed at 130 J/m2. pSVLCAT was not responsive to induction, suggesting the requirement for specific regulatory sequences within the TNF promoter or untranslated regions. The same degree of induction was observed in permanently transfected cells, and occurred with both a 1.1-and a 2.2-kb version of the TNF promoter (Fig. 3 B) . It has previously been reported that PAM-212 cells accumulate TNF mRNA after exposure to UV light (21 ) . Our own data (not shown) indicate that, with the PAM-212 clone in use in our laboratory, the TNF gene is silent to induction by UV light, LPS, or cycloheximide. However, the cells clearly retain a mechanism for UV signal transduction.
Permanently transfected cells of several nonkeratinocyte lines were then examined in order to determine whether the response to UV irradiation was a general one. Although the TNF gene is itself inaccessible in two of the lines tested (HeLa and NIH 3T3; unpublished observation), the accessibility of the permanently transfected reporter gene has been documented by observing its activation after cycloheximide treat-TAF Gene Responses to UV Light 57 Fig. 5 . These observations were consistent with the hypothesis that UV-induced TNF gene activation is dependent upon translocation of NF-KB to the nucleus, and its subsequent interaction with the four binding motifs in the promoter region. Surprisingly, however, discrete mutations within the NF-KB elements, which collectively led to a loss ofthe response to LPS in macrophages (5), failed to disrupt the response to UV irradiation (Fig. 6) .
Recently, it was observed that when NIH 3T3 cells, which maintain the TNF gene in an inactive form and which lack an intact pathway for endotoxin signaling (8) Earlier studies had indicated that C3H/HeJ mice, which are genetically unresponsive to LPS, exhibit a defect in response to UV light, insofar as the normal diminution of contact hypersensitivity mediated by UV light does not occur in these animals (22) . In an effort to determine whether this defect was manifested at the cellular level in vitro, macrophages were obtained from C3H/HeJ and C3H/HeN mice, and exposed to UV light. As shown in Fig. 8 , no discrepancy was observed between macrophages derived from the two strains in terms of their ability to react to UV light by accumulation of TNF mRNA. It is to be noted that while similar amounts of TNF mRNA are apparent in C3H/HeJ macrophages after ex- posure either to LPS or to UV irradiation, only the latter stimulus was capable of eliciting TNF production by these cells (Fig.  9) . Thus, the Lps mutation, which impairs responsiveness to endotoxin, seems to have no effect upon cellular sensitivity to UV irradiation. Furthermore, this would suggest that UV irradiation is capable of releasing the translational blockade that is known to impede TNF synthesis in resting macrophages, whereas LPS is incapable of doing so. In Fig. 8 , it is noted that the quantity of TNF mRNA induced by UV light in macrophages from either strain of mouse is very small as compared with the amount of TNF mRNA induced by LPS in the endotoxin-responsive C3H/ HeN macrophages. While reporter construct studies clearly indicate that elements of the TNF promoter are UV responsive, we wished to document that the authentic TNF gene would also respond to UV irradiation. Knowing that the TNF gene is highly accessible in RAW 264.7 macrophages, we performed nuclear run-on assays using these cells, either untreated, or induced with LPS or with UV light. Since UV light and LPS may each impact upon the transcriptional apparatus in a nonspecific fashion, and may also alter the number of viable cells in the colture, we simultaneously measured transcription from the GAPDH loci, of which > 100 exist per cell, so as to standardize determina- tion of TNF gene activity. As illustrated in Fig. 10 fragment confers a high basal activity to the construct; however, the important point to be emphasized is that the construct is no longer responsive to UV induction. The response is regained through addition of the distal half of the promoter, containing three additional NF-KB motifs. The UV-responsive elements present in the TNF promoter bear no resemblance to UV-responsive sequences that have previously been defined (3). Kruys et al. (8) previously observed that in transient and permanent transfections, a minimal TNF promoter, only 109 bp in length, was constitutively expressed in NIH 3T3 cells. By contrast, little or no basal expression of CAT activity was observed in the present transient transfection studies with promoters that were < 403 bp in length. This discrepancy may result from the fact that, in this study, the reporter constructs were excised from the vector before transfection, and, therefore, were unattached to any adjacent DNA sequences. It would appear that a certain length of DNA (as much as 261 bp) must be appended upstream from the minimal TNF promoter to permit basal expression of the reporter.
Just as LPS exerts its inducing effect at more than one biosynthetic level, UV light induces transcription and, additionally, seems to exert a posttranscriptional effect on TNF biosynthesis. This is evident from the fact that comparable amounts of TNF mRNA accumulate in C3H /HeJ macrophages treated with LPS or with UV light; however, only the latter stimulus leads to protein production (Figs. 8 and 9 ).
Despite the above-mentioned similarity, many differences between the response to LPS and the response to UV irradiation are immediately apparent. The UV signaling pathway does not require the participation of NF-KB, as judged by the fact that mutation of all four sites within the promoter did not impair the response. This observation does not contradict the finding that NF-KB is activated by UV light (3), nor does it call the importance of NF-KB in other systems into question.
The Lps mutation, which effectively blocks signals elicited by LPS, fails to impede signaling initiated by UV irradiation.
While the product of the Lps gene is but one component of the LPS signaling apparatus, it may be said that this protein, at least, finds no function in the transduction of signals initiated by UV light. Finally, while the LPS signaling pathway was extinguished in NIH 3T3 X RAW 264.7 hybrid cells, no effect on UV signaling was noted. This finding was not unexpected. It is to be anticipated that if both parental cell lines express components of the pathway, a hybrid cell line should do so as well. The genes encoding components of the LPS signaling pathway have yet to be identified. However, it is reasonable to suppose that the pathway is composed of specialized proteins, expressed in macrophages but not in NIH 3T3 cells. The extinction of the LPS signaling pathway in somatic cell hybrids reflects this fact. By contrast, the apparently ubiquitous nature of the UV signaling pathway (which was intact in all cell lines examined) seems to have prevented its extinction by somatic cell hybridization.
Each of these observations argues that the signaling pathways used by UV light and by LPS are very different from one another, yet none of our findings exclude the possibility that a certain degree of overlap may exist. Recently, it was reported TNF Gene Responses to UV Lightthat C3H/HeJ mice fail to respond normally to UV irradiation, insofar as UV light does not attenuate hapten-mediated contact hypersensitivity in these animals as it does in C3H/ HeN mice (22 (24) known to induce TNF do so through the same fundamental mechanism as UV light. Perturbations of the UV signaling pathway might, therefore, be expected to have pathologic effects.
In this context, it is worth recalling that all members of the TNF family of cytokines (including TNF-a, lymphotoxin-a, and lymphotoxin-3 [125] ) are encoded by MHC-linked genes.
To date, no other cytokine genes have been found to be so linked. The MHC linkage of the TNF gene, as much as the proinflammatory character of TNF, has driven speculation as to the role played by TNF in various autoimmune diseases (26) (27) (28) (29) (30) . The UV-responsive nature of the TNF gene would also seem consistent with a potential role in photosensitivity, as observed in certain MHC-linked autoimmune diseases, including SLE (31) . In the future, it will be of interest to determine whether the TNF gene is abnormally UV responsive in human SLE, or in murine models of the disease in which an MHClinked gene is known to be etiologically important (32, 33) .
